Rheo-optics is a method that allows the analysis of optical properties, like birefringence and dichroism under steady and oscillatory shear. It is possible to correlate macroscopic mechanical responses with induced microscopic changes in the material. We describe how this method was improved several fold and implemented on a commercially available setup. However, the here presented ideas are applicable to any rheo-optical setup, based on modulation of the laser light. Additionally it does not need a lock-in amplifier and therefore reduces the costs of the setup.
INTRODUCTION
Rheo-optical measurements are used to analyze the dynamic and structural properties of complex fluids under an applied flow field [1 -11] . This technique can be used to measure very small stresses in polymer solutions or polymer melts using the stress optical rule. The stress optical rule correlates the birefringence with the mechanical stress in the sample. The high sensitivity of this optical technique, allows the determination of stresses that are too small to be measured mechanically due to transducer limitations. The group of Kulicke used rheo-optical techniques to detect and explain phenomena such as synergistic effects of polymer mixtures in solution. The examined biopolymer was a mixture of i-carrageenan and locust bean gum. The results showed a maximum in the birefringence signal and a minimum in the orientation angle at a concentration ratio of 4:1. At this concentration large structures with a higher anisotropy appear to be generated, meaning that the intermolecular interaction is the highest at that mixture.
In a rheo-optical setup the polarization and the amplitude of the light are analyzed. The dependence of the optical properties on stress or deformation is determined, by measuring the flow-induced birefringence and/or dichroism. In systems with particle volume V smaller than the wavelength-cubed (V < l 3 ) of the incoming light, flow induced dichroism is normally negligible. The birefringence is determined from the retardation by: (1) where d is the optical path length through the sample, and l is the wavelength of the light beam. By simultaneous detection of the mechanical and the optical signals it is possible to correlate the macroscopic mechanical response and the induced microscopic changes in the material. In the following a commercially available rheo-optical setup was improved, respectively the hardware and the software. These implementations are not restricted to this rheo-optical setup, but are applicable to any rheo-optical setup, that is based on modulation of the laser light. Due to the design of the assembly no lockin amplifier is needed, reducing further the cost of the setup.
EXPERIMENTAL SETUP
The method was incorporated on two different ARES rheometers (Rheometric Scientific) both equipped with a commercial Optical Analysis Module II (OAM II) supplied by Rheometric Scientific. The ARES instrument is a strain-controlled rheometer. Both instruments were equipped with the standard motor and with a dual range Force Rebalance Transducer (2K FRTN1) capable of measuring torques ranging 45210-2 Applied Rheology Volume 17 · Issue 4 Figure 1 : Schematic of the rheo-optic setup, including optical train and data analysis in the attached PC. The PC conducts the background correction and calculates the birefringence Dn' the dichroism and Dn'' and the orientation angle q. Table 1 : Change of signal to noise ratio by increasing the number of points prior to the FFT (see figure 2 ). Birefringence data of PS-solution in DOP at 20°C. The applied shear rate was g · = 0.2s -1 . from 2·10 -6 to 2·10 -1 Nm. All experiments were carried out using an optical Couette cell. The static inner bob has a diameter of 30 mm. The rotating outer cup has an inner diameter of 33.8 mm and is equipped with a quartz bottom plate. The length of the optical path is 20 mm. The optical unit consists of a solid-state laser (670 nm, 5 mW), a polarizer cube, a spinning half-wave plate with a frequency of approximately w 1 /2p = 400 Hz, a beam splitter, and two prisms (see Figure 1 ). Due to the rotating half-wave plate the resulting signal is modulated at 1600 ± 5 Hz. The variation of ± 5 Hz is due to mechanical, thermal, and electronic instabilities. The laser beam is split into two beams. One beam is directed through a linear polarizer to a photodiode to generate the reference signal. The second beam is refracted by two prisms and guided through the sample to a second photodiode. When dichroism is negligible, birefringence can be measured directly using a circular polarizer in front of the second photodiode. The intensity of the signal can be derived by the Mueller matrices formalism [12] :
where 4w 1 /2p = 1600 Hz, q the orientation angle of the optical axis relative to the direction of flow, I S the signal intensity at the sample detector, I R the signal intensity at the reference detector, I 0,S the DC signal intensity at the sample detector, and I 0,R the DC signal intensity at the reference detector.
By analyzing the intensity of the detected light of the reference beam and the sample beam at a frequency of 1600 Hz, the values of the retardation d' and orientation angle q can be determined. The birefringence Dn' can be derived from the retardation by using Equation 1. Birefringent materials that exhibit several orders of birefringence can also be measured with this setup. To do so the birefringence is first measured in rest and then the shear rate is increased in sufficiently small steps. The multiple orders of birefringence are easily detected by following the change of the birefringence. These measured birefringence values can then be corrected for the different orders of birefringence.
IMPLEMENTATION OF THE FAST FOURIER TRANSFORM AND OVERSAMPLING
In most experimental setups a lock-in amplifier analyzes the modulated optical signals. In our case, the original setup consists of a 12-bit analog to digital converter (ADC) used to digitize the signal of the lock-in amplifier. This ADC limits the dynamic range of the setup to 2 12 therefore 1:4096. Subsequently a separate software module calculates the birefringence together with the orientation angle. The commercial software limits the fastest sampling rate for these observables to 10 Hz.
In the newly developed setup fast Fourier Transformation (FFT) and oversampling techniques were implemented via by-passing the lock-in amplifier and using the raw optical signals from the photodiodes, directly. The analog optical signals were digitized using a 16-bit ADC (PCI-MIO-16XE-10, National Instruments, USA), increasing the dynamic range to 1:65536, with a maximum sampling rate of 100 kHz and capable of multiplexing up to 16 channels. The ADC can simultaneously acquire and transfer data to the PC memory by data-buffering techniques so the optical data is intrinsically synchronized. Additionally the rheological data could be acquired simultaneously with optical data. The 40 ms interchannel delay (time between consecutive data points) between the four channels is relatively insignificant compared to the timescale of rheological experiments. For the stress and strain signals, a simple on-the-fly averaging is performed in the time domain. For a description of the processing of the rheological signals, (strain and torque) we refer to Van Dusschoten [13] , and limit ourselves to the treatment of the two optical signals. The optical signals are analyzed by means of an on-the-fly Fourier transformation. Since 25 blocks of 2000 data points per second (50000 data points per second per channel) could be acquired, a discrete Fourier transformation after several minutes of acquisition would require too much time for the computer to keep up with the ADC. Therefore a FFT is performed. For a proper FFT 2 n points are needed and the data of the optical channels collected during a second are split into 24 blocks of 2,048 data points and subsequently a FFT is performed. As a consequence, the ADC samples each channel at 49152 Hz. The optical signals are averaged over about 40 ms. By reducing the data blocks to 512 data points our maximum overall scanning rate is 96 Hz. This gives a decrease in the signal to noise ratio of the birefringence and orientation angle, see Table 1 . A comparison of the different noise level depending on the number of points for the FFT is shown in Figure 2 .
The time dependent data was collected and further processed using Labview (National Instruments). Using the FFT, a quasi on-line frequency spectrum for both reference and sample signal is generated. The peaks of interest are around 1600 Hz and at 0 Hz: the 0 Hz component is corresponding to the DC component of the signal. Since the rotation frequency of the half-wave plate is not constant (400 ± 1 Hz) the modulation frequency fluctuates over time but this fluctuation is now constantly monitored. The reference beam is analyzed typically 24 times per second to determine the momentary modulation frequency. At the detected modulation frequency, the data is taken from the sample frequency spectrum. In this way it is certain that the correct modulation frequency is monitored. The 1600 Hz signal is sampled at least at twice this frequency (3200 Hz) to comply with the Nyquist theorem [14 -16] . Using a tunable hardware active low pass filter, it was checked that aliasing does not occur. Typically, blocks of 2048 (2 11 ) points are used prior to FFT. In this way about 70 periods, with 30 points per period prior to the FFT, are sampled. This oversampling increases the S/N ratio of stochastic noise by up to a factor of 70 1/2 (= 8.36) relative to the situation where a single period of the time signal would have been analyzed. Furthermore by increasing the number of periods, the spectral resolution in the frequency spectrum is increased. Using this oversampling technique, a several-fold increase in sensitivi-ty is achieved, and a costly lock-in amplifier is no longer needed. After the FFT, the birefringence and orientation angle are determined using Equations 2 and 3. This procedure results in an effective sampling rate of the birefringence of 24 Hz, making dynamic measurements up to 12 Hz feasible according to the Nyquist theorem.
RESIDUAL BIREFRINGENCE CORRECTION AND CALIBRATION
In order to assure accurate birefringence measurements, a calibration procedure to align the optical axis with direction of flow, and minimize the residual birefringence signal from the measured signal must be performed. In most optical trains a residual birefringence is present. This residual birefringence could be caused by, e.g. misalignments in the optical train, non-ideal optical elements, mechanical noise of the spinner motor, and temperature induced strains. The presence of the residual birefringence signal in the OAM II system is mainly caused by the presence of the two prisms within the optical train. The residual birefringence signal causes erroneous measurements especially at low shear rates for both the extinction angle and retardation. Therefore the residual birefringence will influence the measured optical signal, and especially when the sample signal is of the same order of magnitude as the residual signal, large deviations will occur between the measured birefringence and the actual birefringence. It can have an even more pronounced erroneous influence on the orientation angle. An effective way to compensate for the residual background is to introduce a variable retarder within the optical train. A variable retarder could be a Soleil-Babinet compensator or two crystal quartz wedges, where one is fixed and the other can be moved with respect to the first 45210-4 Applied Rheology Volume 17 · Issue 4 a b Figure 2 : Comparison of the signal to noise ratio of the birefringence (Figure 2a ) and the orientation angle ( Figure  2b) in the modified setup depending on an increasing number of points prior to the FFT (These are 512, 1024, and 2048 pts).
one. Since a magnitude (the retardation) as well as a direction (the orientation angle) can be assigned to a birefringence signal it is helpful to represent the birefringence as a vector. Using a variable retarder in front of the sample, the residual birefringence can be minimized. Typically, this enables us to reduce the residual birefringence signal to the order of 10 -8 . The maximal birefringence according to Equation 1 equals 8.38·10 -6 . The theoretical resolution of Dn' is the Dn' max divided by the resolution of the ADC-card (16 bit = 2 16 ) which equals 10 -10 . Although the theoretical resolution of the birefringence is in the order of 10 -10 , a further limit to the resolution is caused by thermal fluctuations which can cause strains and therefore induce residual birefringence in the optical train. In order to align the optical axis with the direction of flow, a quarter-wave plate is positioned with one of its principal axes in the direction of flow. Alternatively, a (dichroic) sheet polarizer with the main axis at + 45 degrees relative to the flow direction can be used. For an additional check of a proper calibration of the optical axis with the flow direction two experiments are performed. These are measurements of the birefringence under steady shear in clockwise and counterclockwise direction. The resulting orientation angle should have the same absolute value. If this is not the case the orientation can be corrected via the software. The measurements can be performed between 15 and 55°C.
INFLUENCE OF A RESIDUAL BIREFRINGENCE ON THE ORIENTATION ANGLE
For a rotating quarter-wave plate in an ideal setup with zero residual birefringence, the theoretical birefringence signal was calculated and plotted in Figure 3a , b. In the experimental setup, where the residual birefringence signal was minimized using a variable retarder, a rotating quarter-wave plate was placed in the optical train, see Figure 3c . The measured birefringence is found to be in good agreement with the predicted behavior. As mentioned, the presence of a residual birefringence can have a large influence on the birefringence measurement. To illustrate this effect, the signal of a rotating quarter-wave plate in the presence of a residual birefringence was calculated, see Figure 4a , b. This was also measured, see Figure 4c , by rotating a quarter-wave plate while introducing a large residual birefringence using the variable retarder.
MATERIALS
The sample under investigation was a polystyrene solution (PS), a system previously investigated by rheo-optical studies [17, 18] . The PS sample was synthesized by anionic polymerization (M n = 2.6·10 6 g/mol, M w /M n = 1.3). The PS was dissolved in dioctyl phthalate (DOP) at a concentration of 8 wt.% using the co-solvent methylenechloride [19, 20] . After loading the PS solution into the Couette cell, it was left at rest for 20 minutes, to assure complete relaxation of the material.
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Applied Rheology Volume 17 · Issue 4 In the following experiments the background birefringence was minimized using a variable retarder. In Figure 5 the measured birefringence and orientation angles acquired by the home written Labview software are compared with the original Rheometrics software. To compare two different hardware setups, measurements were performed on the same PS solutions. Experiments were performed in steady shear with start-up and cessation of flow. The applied shear rate was 20 s -1 . The time resolution of the Labview data is significantly improved and the sign of the orientation angle is correctly determined [18] . The birefringence values as computed by the Rheometrics Software are at least 10 times too large, while the orientation angle seems to fail to give the proper values. Using the modified setup an early overshoot during the start up of the shear is detected in the optical signal (see Figure  5a , b), whereas this overshoot is not visible using the commercial software. The periodically appearing peaks in the Labview data in Figure 5a , b are caused by an air inclusion present in the sample and crossing the light beam at each rotation of the cup. The stress optical coefficient C = 4·10 -9 m 2 /N as derived from the Labview data is in close agreement with the value found earlier, C = 5·10 -9 m 2 /N, by Hilliou [18] .
CONCLUSIONS
Our self-developed Labview software enables us to simultaneously acquire optical and mechanical data with substantial higher resolution in time and in detectable birefringence respective dichroism. The software is using an on-the-fly FFT and oversampling to determine the oscillation frequency of the spinner motor. Due to the modified design this setup works without a lock-in amplifier, therefore increasing simplicity and reducing cost. Principally at the modulation frequency we work (1600 Hz) a lock-in amplifier is not better in the accuracy than our setup. If a different setup with a higher modulation frequency is used, it is important to check if the ADC-card is fast enough to monitor that specific frequency according to the Nyquist theorem. The rheo-optical birefringence signal is disturbed by the residual birefringence, that originates from e.g. misalignments in the optical train, non-ideal optical elements, and temperature induced strains. Using a variable retarder to compensate the residual birefringence it is possible to minimize the influence of the residual birefringence. It was also possible to increase the resolution in the time domain by oversampling. Furthermore it could be shown that a vectorial representation of the residual birefringence signal is helpful to understand the influence of the residual birefringence on the measurement of the birefringence signal. Analyzing the signals of a rotating birefringent object then allowed to verify this effect, and birefringence down to Dn' min = 10 -8 could be detected using a variable retarder. A further reduction of the noise can be achieved by an insulation of the optical train to stabilize against thermal fluctuations. The experimental improvements were validated on two different setups measuring equivalent results. It is emphasized that this method is not only useful for the commercial Optical Analysis Module II setups provided from TA instruments (formerly Rheometric Scientific), but also in any other rheo-optical setup based on similar modulation techniques. Optical Analysis Module. We would like to thank Dr. L. Hilliou for his expertise in the field of Rheooptics.
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Comparing birefringence data as measured with the commercial Rheometrics Software (lines with empty circles) and using the homebuilt Labview software (lines with filled squares) see Figure 5a . The sample is PS in DOP at 20°C with shear rate of 20 s -1 . The background compensation (see text) was used for all the measurements irrespective of home written or commercial software. The home written Labview software acquires more data per time and the values of the birefringence correspond well to earlier measurements [18] in contrary to the commercial software. It is furthermore possible to detect the overshoot during the onset of shear. Comparison of the orientation angle q, data measured with the commercial Rheometrics software (lines with open circles) and with the home written Labview program (lines with filled squares) see Figure 5b . The Labview software acquires more data per time and the values of the orientation angle have the correct sign. It is further possible to detect the overshoot during the onset of shear.
